Choline acetyltransferase (EC 2.3.1.6) isolated from the head ganglia of squid could be purified by use of mercurial-Sepharose columns as well as Sepharose columns to which the enzyme inhibitor p-(m-bromophenyl)vinyl pyridinium had been attached. These columns, in conjunction with 30-55% ammonium sulfate precipitation, 40-30% ammonium sulfate extraction, chromatography on sulfopropyl-Sephadex and on cellulose phosphate and hydroxylapatite columns, led to the isolation of three fractions of choline acetyltransferase ranging in activity from 1000 to 4000 umole/mg of protein/per hr. Polyacrylamide gel electrophoresis suggests that two of these fractions are homogeneous. The squid choline acetyltransferase is different from the mammalian-brain enzymes in having a larger molecular weight under the conditions used and in being relatively poorly inhibited by styryl pyridinium compounds.
In view of the central role of acetylcholine (AcCh) in the conduction of the nerve impulse, presumably through its ability to induce alterations in the cation-permeability of excitable membranes (1) , a great deal of attention has been centered on acetylcholinesterase, the enzyme responsible for the hydrolysis of this compound. Acetylcholinesterase has been crystallized (2) , and a great deal of information is available regarding its detailed mechanism of action (3, 4) . On the other hand, choline acetyltransferase (ChA; EC 2.3.1.6), the enzyme responsible for the synthesis of acetylcholine, has been relatively neglected.
ChA was discovered by Nachmansohn and Machado (5), using an extract of rabbit brain. Since then ChA has been isolated from many sources, including squid-head ganglia (6) , human placenta (7), rat brain (8) , bovine brain (9) , and housefly brain (10) , among others. The richest known source of ChA appears to be the head ganglia of squid.
ChA catalyzes the transfer of acetyl groups from acetylcoenzyme A to choline. Several studies of the mechanism of this process have been done (11) (12) (13) . It appears that both substrates must combine with the enzyme before any product is released, with acetylcoenzyme A being the leading substrate. However, because of the difficulties encountered in obtaining highly active, homogeneous preparations of this enzyme, very little is known about the structure of its active site or about the molecular mechanisms involved in its functions. Studies with thiol reagents suggest the presence of a thiol group in the active site of ChA (14) .
It seemed clear that before the structure and function of ChA could be studied in detail, the enzyme would have to be purified. Squid ganglia contain ChA of unusually high activity. This enzyme had been partially purified (6) ; recent attempts to increase its purity by chromatography were reported to be unsuccessful (15) .
The observation that the active site of ChA contains a thiol grouping, coupled with the recent development of relatively specific inhibitors of this enzyme (16, 17) , raised the possibility of using affinity chromatography (18, 19) as a method of purification. Organomercurial derivatives of agarose had been used successfully for separating thiol-proteins from nonthiol-proteins (20, 21) . It seemed reasonable to expect that similar columns should be useful for separating ChA from other proteins. Since styryl pyridinum derivatives are reported to be relatively specific reversible inhibitors of ChA (16, 17) , such compounds appeared promising candidates for the design of affinity-chromatographic columns.
The following account describes a procedure for the purification of ChA, which includes the use of mercurial-Sepharose and styryl pyridinium-Sepharose columns (Table 1) Attachment of Inhibitors to Sepharose. Mercurial-Sepharose (IV, Table 1 ). Sepharose 4B was activated with cyanogen bromide (300 mg/ml), aminoalkylated with 3,3'-diaminodipropylamine followed by succinylation with succinic anhydride by the method of Cuatrecasas (18) . The succinylated aminoalkyl-Sepharose was reacted with p-aminophenylmercuriacetate (3.5 g) in the presence of 1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-p-toluene sulfonate (31.7 g) at pH 5 in a 20% dimethylsulfoxide solution. The derivative was thoroughly washed with 20% dimethylsulfoxide. The number of mercurial groups attached to the Sepharose, determined as described by Sluyterman (20) , was found to be 10 jumol of Hg per ml.
Styryl pyridinium-Sepharose (V, Table 1 ). The succinylated aminoalkyl-Sepharose was further aminoalkylated with 3,3'-diaminodipropylamine in the presence of 1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-toluene sulfonate. The aminoalkyl-succinyl-aminoalkyl-Sepharose was coupled to the m-bromostyryl pyridinium compound (III) in the presence of 1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide 15 hr, the suspension was centrifuged as above. The supernatant was brought to 55% saturation by addition of (NH4)2S04 at pH 7.4. After standing for 15 hr, the precipitate was collected after centrifugation.
40-30% Ammonium Sulfate Extraction. The 55% ammonium sulfate precipitate was suspended in 40% saturated (NH4)2SO4 (100 ml) at pH 7.0 for 2 hr. The suspension was centrifuged and the supernatant was discarded. The sediment was resuspended in 40% saturated (NH4)2S04 (50 ml) and centrifuged. The sediment was supended in 30% saturated (NH4)2SO4 (50 mI) at pH 7.0, and the supernatant was collected after centrifugation. The process of extraction was repeated twice with 25-mi portions of the (NH4)2SO4 solution. The three 30% extracts were combined.
Chromatography on Mercurial-Sepharose Column. The mercurial-Sepharose was packed in a column (25 X 2.5 cm) and thoroughly washed with 10 mM cysteine at pH 7.0, followed by 5 mM HgCl2, and finally equilibrated with 25% saturated (NH4)2SO4 containing 1 mM EDTA and 50 mM KPi at pH 7.0. The 30% (NH4)2SO4 extract was applied to the column, and elution was performed with the equilibration buffer at 30 mi/hr. After 25 fractions of 8 ml each were collected, the elution buffer was made 5 mM in mercaptoethanol, after 45 fractions, the concentration of mercaptoethanol was increased to 50 mM. Final elution was performed with 10 mM cysteine in 200 mM KPj buffer, pH 7.0. The elution profile is given in Fig. 1 .
Chromatography on Cellulose Phosphate Column. Fractions 65-110 from the mercurial column were concentrated and chromatographed on a column of cellulose phosphate (20 X 2 cm) equilibrated with 25 mM KPj buffer, pH 6.0, containing 1 mM EDTA, 0.1 mM dithiothreitol, and 500 mM sucrose. Part of the enzymic activity (peak A) was eluted with 50 mM KPi buffer, pH 7.0, containing 1 mM EDTA, 0.1 mM dithiothreitol, and 0.5 M sucrose. A second peak (peak B) was eluted with 200 mM KPi, pH 8.0. The elution profile is given in Fig. 2 .
Chromatography on the Styryl Pyridinium-Sepharose Column. Peak A from the cellulose phosphate column was applied to the m-bromostyryl pyridinium column (20 X 1.5 cm) equilibrated with 50 mM KPi buffer, pH 7.0, containing 1 mM EDTA, 0.1 mM dithiothreitol, and 500 mM sucrose. Elution was performed with the equilibration buffer. After 58 fractions of 4 ml each at 10 ml/hr were collected, the eluting buffer was changed to 0.5 M KPj, pH 7.0, which resulted in the elution of the enzymic activity. Fractions 63-72 (Fig. 3) were combined and concentrated by dialysis against solid sucrose.
Peak B from the cellulose phosphate column was concentrated, dialyzed against 50 mM KPj, pH 7.0, containing 1 mM EDTA, 0.1 mM dithiothreitol, and 500 mM sucrose, and chromatographed on the styryl pyridinium column in a similar manner as for peak A. The enzymic activity was not retained by the column. Fractions 6-25 were combined. The elution profile is given in Fig. 3 . Chromatography on Hydroxylapatite Column. Fractions 6-25 from the styryl pyridinium column (Fig. 3B) were chromatographed on a column of calcium hydroxylapatite (12 X 2 cm). The column was equilibrated with 30 mM KPi pH 7, containing 1 mM EDTA, 0.1 mM dithiothreitol, and 500 mM sucrose. The enzyme was eluted with a linear gradient of 30 mM KPi buffer, pH 6.8, and 300 mM KP1 buffer, pH 6.8, both containing 1 mM EDTA, 0.1 mM dithiothreitol, and 500 mM sucrose.
Chromatography on Sulfopropyl-Sephadex Column. The enzyme peak from the hydroxylapatite column was applied to a sulfopropyl-Sephadex column (20 X 2 cm) equilibrated with 25 mM KPj buffer, pH 6.0, containing 1 mM EDTA, 0.1 mM dithiothreitol, and 500mM sucrose. After 30 fractions of 2 ml each were collected, the buffer was changed to 25 mM KPj, pH 7.0, containing EDTA, dithiothreitol, and sucrose, which resulted in the elution of part of the enzymic activity applied (Fig. 4, peak 1) . A second enzymically active peak (peak 2) was eluted with 100 mM KPi buffer, pH 7.0. The elution profile is presented in Fig. 4 . (6) , while activities of 7.0 ,umol/hr have been reported for the ox-brain (9), 37 ,umol/hr for the rat-brain (8) , 140 gmol/hr for the human placental (7), and 44 ,umol/hr for the fly-brain (10) enzymes.
Summary of the Results (
The problem of instability of the enzyme encountered by other workers could be alleviated by addition of sucrose to all elution buffers and by dialysis of the enzyme against solid sucrose. We are grateful to Dr. Rosemary Polsky and Dr. Louis Shuster for having suggested this procedure.
While enzyme isolated from squid ganglia has very high activity, its susceptibility to inhibition by "specific inhibitors" of ChA is relatively low (Table 3) . For this reason, it is difficult to be certain that our affinity column is really specific for the enzyme being isolated.
Molecular-weight determinations suggest that, as in the case of acetylcholinesterase (26) (27) (28) , multiple forms of the enzyme are found (Table 4) . It should be noted that isoenzymes of ChA in several species have been demonstrated by other workers (29, 30) .
The relationships between enzyme obtained in peak A, peak 1, and peak 2 during the purification procedure remain unclear. When these peaks are rerun on cellulose phosphate they do not appear at their original positions, nor are they interconvertible. It is possible that aggregation might be taking place. The molecular weights of 120,000-125,000 and of 200,000 outlined in Table 4 compare with molecular weights of 67,000 for the rat-brain (8) and 65,000 for the ox-brain (9) enzymes.
Since submitting this work, a recent paper reporting the partial purification of choline acetyltransferase from bovine brains using a mercurial Sepharose column has come to our attention (31) .
